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Abstract 
The purpose of this paper was to mechanically characterize handball shoes using biomechanical evaluated load spectrums. In the 
first step a biomechanical study with 15 experienced amateur handball players was conducted. Within this study the kinematics 
and kinetics of three typical handball activities, namely sprint, feint and jump shot, were evaluated using an optoelectronic 
measurement system and a force plate. After determining typical biomechanical load spectrums for handball activities from the 
collected data, in a second step a sample of nine handball shoes size UK 8 were mechanically tested to characterize their 
cushioning properties. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University. 
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1. Introduction 
Sport shoes evolved from simple shoes into high tech products [1], whose functional design has to meet the 
requirements of its designated sport activities [2]. Typical functional design factors such as injury prevention, 
performance and comfort [1] are not only considerable for running shoes – the most frequently researched kind of 
footwear, but also for handball shoes. 
Handball is one of the fastest team sports. Players perform intense activities, e.g. jumps, sprints, feints, duels or 
contacts, during almost one third of playing time [3]. Although handball players are athletically trained, team 
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handball has the highest incidence rate of non-contact anterior cruciate ligament (ACL) injuries among ball sports 
[4]. Further on, players commonly suffer from ankle ligament or capsule injuries. 
Load spectrums, i.e. the amount of cyclic and impact loading, the number of repetitions as well as the frequency 
of loading, play an important role in the cause of stress fractures [5]. Stress fractures emerge when the stress exceeds 
the reparative process and bone fails [5]. However, functional footwear, e.g. with improved shock absorption 
capabilities, can reduce the incidence rate of injuries during sports [6]. To ensure that handball shoes meet the 
functional design requirements, manufactures of sports equipment have to know the specific load spectrums of 
handball activities. By means of mechanical tests based on valid biomechanical load spectrums, manufactures have 
the ability to perform meaningful measurements that can be used to check the product quality according to the 
design factors. 
However, heretofore, load spectrums of handball activities have not been well researched and handball shoes 
materials behavior is poorly understood. Hence, the aim of this study was to obtain load spectrums of three typical 
handball activities, namely sprint, feint and jump shot. Additionally, in a second step, nine handball shoes were 
mechanically tested to characterize their cushioning properties. 
2. Methods 
2.1. Test samples and subjects 
Seven state-of-the-art and two full season worn handball shoes of major brands (mean ± SD: size = UK 8, mass = 
355 ± 33g) were used for mechanical characterization (Fig. 1). The criteria for subjects’ inclusion to determine 
typical biomechanical load spectrums for handball activities were: male, at least 18 years old, healthy and active 
amateur handball player with at least 5 years of experience. Fifteen subjects (mean ± SD: age = 28 ± 6 y, weight = 
87.1 ± 13.4 kg, height = 1.83 ± 0.06 m) fulfilled the inclusion criteria and participated. All participants provided 
written informed consent. The study was approved by a university ethical committee in accordance with the 
Declaration of Helsinki. 
 
 
Fig. 1. Test samples; Samples A to G are state-of-the-art handball shoes made either by Salming, Mizuno, Asics or Kempa; Samples H and I are 
worn handball shoes made either by Kempa or Asics. 
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2.2. Equipment 
The acquisition of three-dimensional kinematics was conducted in a clinical human motion laboratory using an 8-
camera VICON optoelectronic tracking system (Bonita 10, Oxford Metrics, Oxford, UK) with a frequency of 200 
Hz and 14 mm diameter spherical reflective markers. Spherical marker position data were determined by using 3D 
reconstruction software (Nexus 1.8.5, Oxford Metrics, Oxford, UK). Kinetics were measured using a force plate 
(9287BA, Kistler Instrumente AG, Winterthur, CH) with a frequency of 1000 Hz. Mechanical properties such as 
maximum deformation (dmax), stiffness II (sII) or energy loss (eloss) were evaluated using a hydraulic testing 
machine (HC 10, Zwick GmbH & Co. KG, Ulm, GER), the test setup described in [7] and [8] together with load 
spectrums obtained from kinetics of prior subject tests. Although not being part of the current study, bending 
stiffness (sbending) properties could be evaluated using the test setup described in [9] and load spectrums derived 
from kinematics of the same subject tests. 
2.3. Data acquisition 
Sixteen reflective markers were placed on subject’s anatomical landmarks to enable the evaluation of temporal 
spatial parameters and forefoot bending angles during handball activities. The forefoot bending angle is defined as 
the angle during the stance phase between the fore- and rearfoot with the metatarsophalangeal joint being the pivot. 
Subjects performed four trials of sprints, feints and jump shots with their own handball shoes (median ± SD: size = 
UK 9.5 ± 1.2). Trials were valid if the dominant foot completely hit the force plate, else trials were repeated. 
2.4. Data analysis 
Only kinematics and kinetics of the dominant foot were considered. Kinematics and kinetics were normalized to 
101 points using Matlab (R2013b, MathWorks, Natick, MA, US). Load spectrums for the implementation in the 
mechanical tests to characterize handball shoe cushioning and bending stiffness properties were evaluated from 
normalized vertical ground reaction forces (GRF), from forefoot bending angles and from temporal spatial 
parameters. Load spectrums were determined independently for the handball activities sprint, feint and jump shot.  
3. Results 
The ground contact times of each of the three handball activities differ clearly from each other. The feint activity 
took the longest time for ground contact, whereas the jump shot activity took only 56 % and the sprint activity took 
only 40 % of the total feint ground contact time. Since all three investigated activities showed also individual GRF 
patterns, the derived biomechanical load spectrums for testing cushioning properties of handball shoes were also 
unique (Fig. 2). 
 
 
Fig. 2. Normalized vertical ground reaction forces of typical handball activities and derived biomechanical load spectrums for testing cushioning 
properties of handball shoes; a) sprint, b) jump shot, c) feint. Note The thick line indicates the mean and the gray area indicates the standard 
deviation of the ground reaction forces, the dotted line indicates the rearfoot and the dashed line indicates the forefoot load spectrum. 
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Fig. 3. Normalized bending angles of typical handball activities and derived load spectrums for testing bending stiffness of handball shoes; a) 
sprint, b) jump shot, c) feint. Note The thick line indicates the mean and the gray area indicates the standard deviation of the bending angles, the 
dash-dotted line indicates the load spectrum. 
The pattern of the sprint activity consisted of a single peak located at 46 % of ground contact time. Since all 
subjects used solely their forefeet for ground contact and push off during sprint activities, only the forefoot load 
spectrum was derived. Similar to the pattern of running shoes in distance running [10], the pattern of the handball 
jump shot activity consisted of two peaks. The first peak located at 12 % of ground contact time indicates the 
rearfoot contact and was used for the rearfoot load spectrum. The second peak located at 58 % of ground contact 
time indicates the forefoot push off and was used for the forefoot load spectrum. The pattern of the feint activity was 
similar to a trapezoid. Hence, only the forefoot load spectrum was derived. The main part of the load spectrum was a 
constant load reaching from 28 % to 60 % of ground contact time. 
The maximum forefoot bending angles of the three handball activities were also different from each other (Fig. 
3). The greatest maximum bending angle occurred for the sprint activity and was located at 92 % of ground contact 
time. The bending angles for the jump shot and feint activities were almost similar, but were located at different 
ground contact times. The ground contact time was 94 % for jump shot activity and 95 % for feint activity. 
The mechanical tests for evaluating the rearfoot cushioning properties of test samples during handball jump shots 
yielded that dmax varied from 23 % to 33 % and eloss varied from 38 % to 41 % (Table 1). The forefoot cushioning 
properties during handball jump shots varied for dmax from 45 % to 55 % and for eloss from 28 to 31 %. Sample H 
had the highest rearfoot and forefoot sII. Sample G had the lowest forefoot sII. 
Table 1. Cushioning properties of handball shoes obtained from mechanical tests simulating handball jump shot activities. Note Stiffness II 
represents the perceived hardness of the handball shoe and is determined for the rearfoot between 1000 N and 1200 N and for the forefoot 
between 2100 N and 2300 N. 
sample rearfoot cushioning forefoot cushioning 
 dmax (%) sII (N·mm-1) eloss (%) dmax (%) sII (N·mm-1)I eloss (%) 
A 29 180 39 54 533 29 
B 33 177 38 54 532 29 
C 23 196 40 45 675 30 
D 26 251 39 50 690 30 
E 32 164 39 55 527 30 
F 28 209 38 49 588 30 
G 31 164 38 45 465 31 
H 28 265 38 51 805 28 
I 23 235 41 49 784 30 
4. Discussion 
The purpose of this study was to determine typical biomechanical load spectrums for handball activities and to 
apply them in a mechanical test to characterize the cushioning properties of nine handball shoes. The results showed 
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that the normalized vertical GRF as well as the normalized bending angles of the handball activities sprint, jump 
shot and feint differed clearly from each other. Hence, mechanical tests that aim to evaluate mechanical properties 
of handball shoes under realistic conditions have to use biomechanical load spectrums that model realistic GRF 
and/or bending angles. 
To the best of our knowledge, heretofore, only Rousanoglou et al. [12] have presented data of typical handball 
activities that could be used to obtain load spectrums. Their data based on 15 male elite handball players of the 
Greek Handball National League and of 15 male novices. In contrast to our findings, Rousanoglou et al. [12] 
presented GRF patterns for handball jump shots that consisted of only one instead of two peaks. One explanation for 
the different peak patterns might be the fact that we used a sampling rate of 1000 Hz instead of 750 Hz and that 
Rousanoglou et al. [12] filtered the data with a 10 Hz low pass Butterworth filter. Nevertheless, our maximum 
vertical load expressed in body weight was within the range of the elite and novice players presented by 
Rousanoglou et al. [12]. The GRF pattern of our handball sprint activities were also comparable to the vertical GRF-
time histories presented by Keller et al. [11], whose subjects were running with running shoes at speeds between 3.5 
and 6.0 m·s-1. 
The mechanical tests that used a biomechanical load spectrum to simulate the GRF of handball jump shots 
yielded results that can be used to characterize cushioning properties of handball shoes. The range of dmax and eloss 
for both rearfoot and forefoot amounted 10 % and 2 %, respectively. Stiffness II indicates the perceived hardness 
[8], and based on the results one determines that the worn shoes had a higher perceived hardness in the forefoot and, 
for the most part, also in the rearfoot compared to the new shoes. Interestingly, forefoot eloss of the worn shoe 
(sample H) was decreasing in comparison to the identical but new shoe (sample F). One possible explanation for the 
small decrease could be the fact that the mechanical test investigated only short term properties and that the aging 
effects will occur first after a certain time. 
5. Conclusion 
This was the first study that systematically evaluated load spectrums of typical handball activities that can be 
used for mechanical characterization of handball shoes. Since the measured GRF and bending angles of typical 
handball activities differed, realistic mechanical testing of handball shoes requires several appropriate load 
spectrums that simulate specific activities. Within this study cushioning properties of seven state-of-the-art and two 
one season worn handball shoes were evaluated using a mechanical test with load spectrums simulating handball 
jump shots. 
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